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Abstract

Smectites are lamellar clay minerals that readily swell in the presence of water. The
swelling properties of smectites play a key role in many engineering applications,
including environmental remediation, catalysis, and geological disposal of nuclear
waste. The swelling behavior of smectite containing clays are regulated by multiple
structural and environmental factors. The structural factors include the composition of
clays, the interlayer cation species, the total layer charge, the substitution type and
substitution distributions, whereas the environmental factors includes temperature,
pressure and the salinity of the surrounding solutions. In this study, molecular
dynamics simulation is employed to investigate the cross-effects of these structural and
environmental factors on swelling characteristics and, in particular, the swelling
pressure of the montmorillonite-beidellite smectite series.

The influence of interlayer cation compositions in couple with temperature and
pressure were investigated with a periodical montmorillonite model. The simulations
of Na-, Ca-, and Na/Ca mixed clays demonstrate that the swelling behaviour
corresponding to each cation compositions are generally similar, but differ
significantly in the transition range from 1- to 2-layer hydrate. This difference
originates from the behaviour of interlayer calcium ions, which are found to promote
the association of water molecules in their vicinity. This leads to uneven water
distribution in the interlayer space and larger d-spacing in calcium dominant clays
compared to that of sodium dominant clays.

Swelling pressure was also successfully modeled to account for the swelling behaviour
of smectites with the use of molecular dynamics simulations. For Na-smectites with
layer charges of —0.5 to —1.0e per unit cell, the swelling pressure was found to
inversely correlate with the layer charge. Montmorillonite-like clays bearing dominant
octahedral substitutions have a higher swelling pressure than beidellite-like clays that
bear dominant tetrahedral substitutions. In contrast to Na-smectites where substantial
swelling pressure is developed after intial hydration, Ca-smectites structures that differ
in layer charge and charge location are exclusively found to lose their swelling
pressure quickly as clay expands. The swelling pressure modeling also examines the
influence of surrounding solutions. This is accomplished by immersing a
montmorillonite structure into contact with pure water, sodium chloride and calcium
chloride solutions. The swelling pressure was found to be lower in saline solutions than
that in pure water, while calcium chloride solution caused more evident decreases in
the swelling pressure than that of sodium chloride solutions. The modeled swelling
pressure and its correlation to the compaction of clay were found to be in agreement
with experimental data.

This study provides valuable atomic level information on the swelling behavior of
smectites. A prediction for swelling pressure based on an atomic level computational
approach is proposed and justified. This approach can potentially be used for the
screening of swelling clays for various environmental and industrial applications.
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Abbreviations

IA%Y 1-layer hydrate

2W 2-layer hydrate

3IW 3-layer hydrate

CaCl, Calcium Chloride

HLRW High level radioactive waste
MD Molecular dynamics

NaCl Sodium Chloride

NPT Isothermal-isobaric ensemble
NVT Canonical ensemble

SPC Simple Point Charge

(0] Octahedral

T Tetrahedral



1. Introduction
1.1 Clays and clay minerals

Clays and clay minerals are naturally occurring or synthetic materials composed
primarily of fine-grained minerals, which are generally plastic at appropriate water
contents and will harden when dried or fired.! They are not only the material of many
kinds of ceramics, but also an essential constituent of plastics, paints, paper, rubber,
and cosmetics.? The diversity of clay structures and properties, and their wide-ranging
applications has driven intensive research into clay for decades.

In terms of numerous environmental and industrial uses, smectites are among one of
the most important clays.>® The rock in which smectites are dominant is bentonite.*
Bentonite is conventionally used in iron ore pelletizing, foundry mouldings, oil-well
drilling, filtering, clarifying, decoloring, as adsorbents for toxins, and sanitary landfill
(Figure 1a).>>7 In recent years, the properties of smectites have been intensively
investigated, with the result that many new uses have been developed.®*!® Major
developments aim to use bentonite, mostly smectites, as catalysts and catalyst supports,
8-14 and other applications in pharmaceuticals'>!® and in the production of clay polymer
nanocomposites.!” In particular, bentonite and bentonite-aggregate mixtures have been
chosen as buffer and backfill materials in the future construction of geological
repositories for high level radioactive waste (HLRW)'®!” (Figure 1b). As an important
part of the multiple release barriers, bentonite is expected to separate the radioactive
waste from the surroundings for an extended time of e.g. 10,000 or even 100,000
years.?

(a) (b)

Figure 1. (a) The use of bentonite clay in sanitary landfill. (b) Multiple release barriers
in the nuclear waste final disposal system: (1) final disposal canister, (2) bentonite
buffer, (3) tunnel backfill (containing bentonite), (4) bedrock. Figure 1b obtained from
ref 21.



1.2 The structure of smectites

Smectites are organized in quasicrystals. Quasicrystals are sets of 2:1 phyllosilicate
layers in parallel. Each quasicrystal consists of between two to thousands of individual
layers stacked together, whereas the individual layer consists of an octahedral (O) sheet
sandwiched between two tetrahedral (T) sheets (Figure 2). Isomorphous replacements
with lower-valency metal ions, Mg?* and Fe?" substituting Al** in the O sheet, and AI**
substituting Si*" in the T sheets, give the structure a total negative charge. For
smectites, the layer charge typically ranges from —0.4 to —1.2¢ per unit cell. The
negative charge is balanced by the interlayer cations stoichiometrically; Na*, K*, Ca?"
and Mg?" are the most commonly interlayer cation species in natural occurring
smectites.*?

"_:_;.;.-\ smectite
// ——%\% " particles

quasicrystal

Figure 2. (a) Smectite particles and (b) the layer structure. The color code of the atoms
is blue for silicon, cyan for aluminum, orange for magnesium, red for oxygen and
white for hydrogen. The positive sign represents the interlayer cations.

The types of smectites are distinguished by the variations in their chemical structures.
Generally, smectites can be classified according to the following criteria: 1)
dioctahedral or trioctahedral structure, ii) predominant octahedral and tetrahedral
substitutions, iii) layer charge and charge location. The most important dioctahedral
and trioctahedral end-members of smectites and their idealized formulas are listed in
Table 1. Montmorillonites allocate the layer charge mostly in the O sheet, while
beidellite allocates the majority of the layer charge in the T sheets. Just for the
montmorillonite-beidellite smectite series, Emmerich et al. proposed that 96 structural



variables theoretically exist based on several structural varibles including the layer
charge and charge location.?

Table 1. Idealized formula of some representative smectites

Idealized formula

Type Names per unit cell

Dioctahedral Montmorillonite [AlsyMgy] [Sis] O20(0OH)4
Beidellite [Al4] [SisxAl] O20(OH)4
Nontronite [Fes] [Sis-xAlx] O20(0OH)4
Valkonskoite [Crs] [SisxAlx] O20(0OH)4

Trioctahedral Hectorite [Mgs.yLiy] [Sis] O20(OH)4
Saponite [Mgg] [Sig.xAlx] Ozo(OH)4
Sauconite [Zl’l(,] [Sig_xAlx] Ozo(OH)4

1.3 The swelling property of smectites

In the presence of water, smectites readily swell. The swelling ability is key to the
many uses of smectites as it affects the movement of aqueous solutions and the
transportation of chemical elements.”* As one of the most important properties of
smectites, the swelling process is regulated by multiple structural and environmental
factors.?>37 To establish how the clay swelling depends on these factors, the joint
effects of these factors should be systematically evaluated.

With respect to the structural factors, the interlayer cation compositions, the layer
charge and the charge location are of particular importance. The species, size and
charge of the exchangeable interlayer cations are known to impact on the swelling
behavior.?83%38-40 The swelling of clays is positively correlated to the hydration energy
of the monovalent interlayer cations, although cations with high charge are found to be
strongly associated with negatively charged sites on the clay surfaces and cause less
swelling.***!*! The layer charge can also significantly influence the swelling behavior
of clays.”* Slade and Christidis suggest that a high layer charge causes limited
swelling, while low charged smectites swell continuously.?>**> However, there are also
studies suggesting that swelling increases with an increasing layer charge due to the
strong hydration of the interlayer cations.*>*** The type and the location of the charges
arising from isomorphous substitution also plays an important role in swelling.* Early
studies suggest that d-spacings are larger in the presence of octahedral substitution in
comparison to the clay structures with dominant tetrahedral substitutions.***¢ Also, the
interlayer cations tend to form inner-sphere complexes in the presence of tetrahedral
substitutions and cause less swelling. For clays with mostly octahedral substitutions,
the formation of outer-sphere cation-water complexes are preferred and cause
increased swelling 264748
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Environmental factors, including temperature, pressure and the properties of the
surrounding solutions, are also known to affect the swelling behavior of smectites.*>-’
The water retention and swelling capacity were found to decrease as temperature and
pressure increases.?’Also, with an increase in the salinity of the surrounding solutions,
the swelling potential was found to reduce greatly.?>*

1.4 The swelling pressure of smectites

The swelling property and the generation of sufficient swelling pressure is of crucial
importance for the use of smectites as an engineered barrier in HLRW disposal.?>%°
Upon swelling, smectite minerals in the bentonite buffer exert swelling pressure. In the
context of HLRW disposal, the development of swelling pressure can result in the
sealing of gaps and openings in the buffer and its contacts with the host rock and the
waste canisters.’!>? Sufficient swelling provides effective sealing, which is critical for:
i) limiting the transport of dissolved agents that corrode the canister materials and
potential HLRW releases from the canister, ii) protecting the canister from sinking and
rock movements, and iii) reducing microbial activity. The understanding and the
screening of swelling pressure for the candidate buffer material is therefore a key issue
in consideration of the long term safety of HLRW geological disposal.

A clay structure with short interlayer spacing gives high dry density, which correlates
to large swelling pressure.>® The reported swelling pressure typically ranges from less
than 1 MPa to even 60 MPa with respect to different smectite structures and the
experimental conditions.** However, the complex physico-chemical nature of smectites
has prevented the discovery of experimental techniques from measuring the swelling
pressure of smectites without the complications of disorder, poor crystallinity, and
mixed charge or hydration states in natural smectite samples.>

1.5 The Aims of this study

The study summarized in this dissertation aims at predicting the swelling
characteristics and the swelling pressure of montmorillonite-beidellite smectites in the
consideration of multiple variables. The specific objectives of this study were as
follows:

6)] To understand the swelling characteristics with varying water content and
interlayer cation compositions;
(i1) To obtain atomic level interactions among multiple structure components

and the effects of temperature and pressure;

(i)  To model and to justify the model of swelling pressure based on an
atomic-level computation approach;

(iv) To predict the swelling pressure of montmorillonite-beidellite smectites
with respect to a variation of layer charges, charge locations, and interlayer
cations;

v) To investigate the swelling pressure in the salt solutions.
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2 Computational aspects

Computational chemistry has gained great popularity in recent decades with the rapid
improvement in computer technology. The technology can either be used for
interpretation of experimental results or to shed light on the atomic or molecular
interactions of chemical systems. Mostly importantly, it can also serve as a predictive
tool for investigating physico-chemical properties for which experimental data are
difficult to obtain or interpret. In this study, the computation models based on
delineating the key forces and dynamics at atomic level provide a cost-effective way to
simulate the complex interactions between the clays and their water environment.

The structure of the model system is shown in Figure 3. The model combines a water
model and a clay mineral model into a molecular dynamics model. Molecular
dynamics simulations were performed by using a Gromacs simulation package.>® The
parameterization for the interatomic potential energy terms was taken from a CLAYFF
force field.”” The visualization and analysis of MD simulation results were carried out
by tools including Gaussview, VMD, Material Studio, and Chimera.

Water model Clay model _
(SPC) (Montmorillonite, beidellite)| | Parame-
l, l, terization
(CLAYFF
Molecular dynamics model force field)
<
(GROMACS)

'

Visualization and analysis
(Gaussview, VMD, material studio, Chimera)

Figure 3. Structure of the model system used in this work.

2.1 Molecular dynamics simulations

Among the main modern modeling tools, molecular dynamics (MD) simulation has
become a powerful technique for investigating the dynamic behavior of chemical
systems.>® The method was originally conceived within theoretical physics in the late
1950s, but is applied today mostly in chemical physics, materials science, and the
modeling of biomolecules. MD enables simulation of the dynamics of a complex
system using finite time steps, which calculate energy and forces between the particles
using molecular mechanics force fields. With regard to clay modeling, MD allows bulk
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simulations that are adjustable to include hundreds of thousands of atoms, and it
mimics the interactions between clay and its surrounding salt solution at different
scales. The MD approach is hereby employed to simulate the swelling behavior of
smectites, and to further investigate the effects of structural and environmental factors
on the swelling characteristics of smectites.

2.2 The CLAYFF force field

Successful application of MD simulations requires the use of interatomic potentials
that effectively and accurately account for the interactions of all atoms in the
investigated system. CLAYFF is a general force field suit for hydrated, multi-
component mineral systems and their interfaces with aqueous solutions. Since clays are
heterogeneous, partly unstructured, and of high molecular complexity, the CLAYFF
approach treats most interatomic interactions as non-bonded. This allows the use of the
force field for a wide variety of phases and properly accounts for energy and
momentum transfer between the fluid phase and the solid phase.>” The water molecules
in the simulation system are parameterized by the most used water model (SPC),*
which is sufficiently accurate and allows for the calculation of a large system with an
affordable calculation time.

3 Crystalline swelling: roles of interlayer cation
compositions and water content '

Experimental studies have revealed that the swelling of smectites exhibits two regimes:
crystalline swelling and osmotic swelling.** Crystalline swelling occurs through the
stepwise formation of a l-layer hydrate (1W), 2-layer hydrate (2W) and 3-layer
hydrate (3W). In crystalline swelling the d-spacing increases from about 1.0 nm in the
dehydrated state up to about 1.9 nm, whereas in the osmotic swelling, the d-spacing
increases continuously.*

There have been comprehensive experimental and theoretical studies conducted on Na-
and Ca-smectites.?>34434660.61 However, systems with multiple cation species have
received less attention. The natural clay minerals, however, usually simultaneously
contain more than one species of cations.®? Hereby, we have investigated the swelling
characteristics of montmorillonite clay with different interlayer cation compositions.
Through our simulation work, the arrangement of interlayer species and their
interactions with clay layers are studied. The influence of temperature and pressure on
the hydrated structures of clay minerals are also explored.
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3.1 System setup

A montmorillonite = clay  model  with  chemical  composition  of
(Si7.75Al0.25)(Al3sMgo5)020(OH)s is utilized in this work. The total layer charge is —
0.75e per unit cell. The model includes two clay layers where each layer contains 4 x 4
unit cells (Figure 4). Interlayer cations with a total charge of +24e are incorporated
into the system to balance the negative charged clay layers. Four simulation systems
with different counterion compositions were considered: i) Na-montmorillonite with
pure Na', ii) system Mixed I with 4:1 Na*/Ca*" ratio, iii) system Mixed II with 1:1
Na*/Ca*" ratio, iv) Ca-montmorillonite with pure Ca?". To mimic the swelling process,
water molecules were added stepwise into the interlayers up to a water content of 0.4
g/g (grams of water per 1 g of clay). The cations and water molecules were placed
randomly within the interlayer space.

Figure 4. Model setups for Na-montmorillonite. The clay structure is represented in
transparent yellow. The color code is red for oxygen, white for hydrogen and blue for
interlayer Na" ions.

The swelling of montmorillonite with different cation compositions was first studied at
baseline conditions of 300 K and 0.1 MPa. Simulations were also performed under
different temperatures (260 K, 340 K, and 380 K), while keeping the pressure constant
(0.1 MPa). In addition to the variations in temperature, the variations of pressures (4
MPa, 8 MPa, 12 MPa, and 16 MPa) were also considered while keeping the
temperature constant (300 K). All simulations were carried out in an isobaric-
isothermal (NPT) ensemble. The simulation systems were allowed to equilibrate for
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200 ps, followed by a production run of 200 ps. Data were collected after every 0.025
ps throughout the production run.

3.2 Swelling of Na- and Ca-montmorillonites

The swelling curves at 300K and 0.1 MPa are shown in Figure 5a. The overall
stepwise swelling in pure Na- and Ca-montmorillonite agrees well with previous
simulations and experimental studies®’**%* (Figure 5b and 5c). Analogous to the
swelling curves of pure Na- and Ca-montmorillonite, the swelling curves of the mixed
Na/Ca-montmorillonites also show that the d-spacing increases non-linearly with
increasing water content.

For both Na- and Ca-montmorillonite, the 1W and 2W states are identified on the basis
of the location of the plateau in the swelling curves. The simulated d-spacings at
corresponding layer hydrates are in line with the experimental results,30-34:3%:64:66-68 Tpy
particular, the simulated d-spacing for the 2W of Ca-montmorillonite in this work is
closer to the d-spacing averaged from experimental studies than that of other
theoretical studies,*-34:66:69.70

The four swelling curves significantly differ from each other at water content 0.05 to
0.15 g/g. Higher Ca*" concentrations in the interlayer lead to larger d-spacings. At the
first plateau that corresponds to 1W, the d-spacing for Ca-montmorillonite is about
0.05 nm larger than in Na-montmorillonite. Moreover, the first plateau around 1.2 nm
d-spacing is less obvious for Ca-montmorillonite and the mixed systems compared to
that of Na-montmorillonite. This suggests that the presence of Ca?" ions alters the
interactions and structural arrangements of the interlayer species at water contents from
0.05 - 0.15 g/g. The different d-spacing suggests the hydrate structure formed in Ca-
montmorillonite differs from that in Na-montmorillonite. Hence, we have further
analyzed the hydrate structures in the presence of Na" and Ca** interlayer cations.

3.3 Atomic level structural arrangements and interactions in clay-
water systems

The atomic density profiles from MD simulations at 1 atm and 0.1 MPa have
demonstrated the formation of 1W, 2W and 3W for Na-montmorillonite at
corresponding water contents (Figure 6a-6d). The density profile of water oxygen
atoms at water contents of 0.07 and 0.11 g/g show a single peak corresponding to 1W.
At a water content of 0.22 g/g, the density profile of water oxygen atoms has split into
two peaks, symmetrical about the central cation peak, indicating the formation of 2W.
The formation of 3W at a water content of 0.33 g/g is demonstrated by the three water
oxygen peaks. Compared to Na-montmorillonite, the peak at a water content of 0.11
g/g becomes broader and shorter with an increasing concentration of Ca?* in the
interlayer space (Figure 6e-6g). For pure Ca-montmorillonite, a split peak is observed.
The split indicates that in Ca-montmorillonite, the water molecules can reorganize and
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start to form a 2W structure already at such a small water content. This finding agrees
with the increasing d-spacing for Ca-containing montmorillonite, as shown Figure 5.
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Figure 5. Swelling curves of (a) Na-montmorillonite, Ca-montmorillonite, and mixed
Na/Ca-montmorillonites. The inset shows the details of the swelling curve at water
contents from 0.05 — 0.15 g/g. Comparison of the simulated swelling curves of (b) Na-
montmorillonite and (¢) Ca-montmorillonite to other studies. The vertical lines indicate
roughly the water contents of the 1W, 2W and 3W. The standard deviations of the
simulated data are within the range of the symbols.
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Figure 6. Number density profiles for interlayer species in Na-montmorillonite at
water content of (a) 0.07, (b) 0.11, (¢) 0.22, and (d) 0.33 g/g. The same density profiles
are shown for (e) Mixed I, (f) Mixed II and (g) Ca-montmorillonite at water content
0.11g/g. The results for water oxygen atoms, water hydrogen atoms, Na* and Ca*" are
shown in solid black, dotted black, solid red, and solid green lines, respectively. The
number density profiles are plotted relative to the distance to the center of the O sheet.

The clear differences between Na- and Ca-montmorillonite at low water contents are
also confirmed by the molecular structures achieved from the equilibrium states of the
simulations. Figure 7 shows snapshots of hydrated structures of Na- and Ca-
montmorillonite at a water content of 0.11 g/g. Water molecules in Na-montmorillonite
are distributed between the clay basal surfaces with the first solvation shell of Na*
highlighted. By contrast, in Ca-montmorillonite, the water molecules tend to interact
primarily with Ca?*. By taking a closer look at the cation coordination status, we find
that half of the Ca®" ions are coordinated to 5 water molecules; the rest of the Ca?* ions
form outer-sphere complexes that have a coordination number of 6. For Na-
montmorillonite at the same water content, all Na*ions form inner-sphere complexes,
coordinating to less than 4 water molecules. The outer-sphere complexes are bigger in
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size that that of the inner-sphere complexes. In order to accommodate the larger Ca*'-
water outer-sphere complexes, expanded interlayer spacing is caused. This explains the
differences in the swelling curves of montmorillonites with different Na'/Ca®*
interlayer cation compositions.

(a) =

Figure 7. The final geometries for (a) Na-montmorillonite at water contents of 0.11 g/g,
and for (b) Ca-montmorillonite at the same water content. Only the silicon atoms in the
topmost T sheet and substitutions in T/O sheets are visualized for the clay. The color
code of the atoms is yellow for silicon, grey for aluminum, purple for magnesium, red
for oxygen, white for hydrogen, blue for sodium, and green for calcium. Water
molecules residing in the first solvation shells have the same color as the
corresponding cations. Red circles mark the Ca®* ions coordinated to 6 water molecules,
which form outer-sphere complexes.

3.4 The influence of temperature and pressure on interlayer
structures

The simulated swelling curves at temperatures 260-380K also demonstrate a nonlinear
increase of d-spacing as a function of water content. Due to the increased thermal
motion of the interlayer species, increasing temperature results in increasing d-spacings.
To clarify the effect of temperature, d-spacings of Na- and Ca-montmorillonite at
temperatures of 260 K, 340 K, and 380 K are compared to the d-spacings at 300 K
(Figure 8a-8b). In Na-montmorillonite, the temperature effect is marginal at low water
contents but more pronounced at higher water contents. When in Ca-montmorillonite,
variations can be seen throughout the whole water content range. Minor deviation
occurs near water content 0.22 g/g, which corresponds to the formation of 2W.
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The d-spacings at pressures of 4-16 MPa are compared to the d-spacings at 0.1 MPa
(Figure 8c-8d). In general, the pressure is found to weakly influence the swelling of
Na-montmorillonite for the investigated ranges. By contrast, the pressure causes great
changes in d-spacings in Ca-montmorillonite prior to the formation of 2W. These
changes in d-spacings are probably caused by the water migration between water
molecules that organized at different water layers.

(a) (b)

_ 010 - - - _ 010 . . .

3 . . . 3 i ; i

£ s ! [ £ " .
. . . o

2 005 A LAt Ter L B s b R S IPCy

& [P o s ] * L3Y e A Lo

2 +’ -:°°°oo°+"1' c0%00000 00°00 a . .t‘i' of Noo“"‘ °°¢,°°°e°.¢°°

’ uW&° °00f | o +.‘:t-|°!+’ s L o0l !

S 0.008 ¢ wl e, o, e uge X s 0.001,:0 SIS e e :

5 R A T T 5 . s o ve- vee welt

c 1 . | b 1P ° c . . ! N 1 ® ol

o + . o e . .

£ -0.05|* I I I & -0.05 b !oeos0k !

£ . * 260K - 2

z : . 1 > | I o340k !

° . °340K | g .
! I +380K | ! I +380K !

-0.10° -0.10
0.00 0.10 0.20 0.30 0.40 0.00 0.10 0.20 0.30 0.40

water content (g/g) water content (g/g)

(c) (d)

__ 010 . ‘ | __ 010 T T T

E N £ I | ]

£ 1 I 1 £ . .

2 00s I \ [ & o005 L ' !

] 1 I 1 3 . G ! !

2 *a p " i 2 »+ ': ok ts {'_ | I

i + { h . . .

© ..+ °, : e gl - kY 4 Wrg 47 - N .

o 000%, “wgdeditmtgett e 3o gag i it ity 2 000 ;,.?‘ﬁ*ﬁmlf'*paﬁ‘stﬂ‘*;h“;t.g;.

o . * s : ¥ o A oo . i 1

5 1 I *4MPa | H - . ' eampa !

& 005 i . c8MPa | £ 005 I Io-8MPa

H ; . +12MPa 2 Y. 1 +12MPa

o ¢ 16 MPa <} \ P 16 MPa 1
1 I |

-0.10 -0.10
0.00 0.10 0.20 0.30 0.40 0.00 0.10 0.20 0.30 0.40

water content (g/g) water content (g/g)

Figure 8. The influence of (a) temperature in Na-montmorillonite, (b) temperature in
Ca-montmorillonite, (c) pressure in Na-montmorillonite, and (d) pressure in Ca-
montmorillonite. The deviation in d-spacing is given relative to that at 300 K and 0.1
MPa. The vertical lines roughly indicate the water contents of the 1W, 2W and 3W.

The sensitivity of montmorillonite swelling seems to imply that for the studied ranges
of temperature and pressure, the interlayer species in the forms of 1W and 2W in Na-
montmorillonite as well as the 2W in Ca-montmorillonite are considerably stable. This
agrees with the fact that the majority of the experimental studies reported the formation
of 1W and 2W for Na-montmorillonite,3%34383%64.66.71-75 whereas the formation of the
3W was observed only in a few studies.’*’!>7* By contrast, most of the experimental
studies have reported the formation of the 2W for Ca-montmorillonite,%-3466.67.69.70.76.77
whereas the formation of 1W and 3W was reported more rarely.**” We hence
hypothesized that 1W and 2W of Na-montmorillonite and the 2W of Ca-
montmorillonite are more stable under the prevailing analysis conditions, allowing
easier detection.
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4 Swelling pressure modeling """

Swelling pressure has been studied intensively with experimental methods.?>*87
Theoretical models that predict swelling pressure are not seen from molecular
simulations. In this work, a method to predict the swelling pressure of the swelling
clays based on MD simulations has been developed and justified. The technique has
enabled us to study the effects of both structural and environmental variables on the
swelling pressure. The simulated swelling pressures are compared to experimental
results whenever applicable. In general, the rather small and simple molecular
dynamics model reproduces surprisingly well the montmorillonite swelling trends in
water and salt solutions.

4.1 Spring model development

The scheme of the spring model for probing the swelling pressure in the clay-water
system is presented in Figure 9. In this model, the quasicrystals of smectites are
simplified as two clay layers. It is known that swelling and swelling pressure relies on
water exchange between environmental bulk solution and water within quasicrystals or
interlayers. Hereby, the two clay layers were put into contact with the bulk water
solution. The lower smectite layer is held rigid throughout simulations, while the upper
layer was allowed to move only in a vertical direction. At an initial configuration, a
mechanical spring at equilibrium was attached to the upper clay layer. The spring has a
force constant and follows Hooke’s law. As swelling expansion occurs, the
displacement in the vertical direction of the clay layer from its original position results
in a compression of the spring from its relaxed (equilibrium) position and an increasing
(restoring) spring force which serves to restrain the movement of the upper layer. In
this process, the change in the spring length is equivalent to the change in the d-spacing.
When the swelling reaches an equilibrium state, the force on the spring is assumed to
be equal to the force of swelling. As such, the swelling forces and subsequently the
swelling pressure can be calculated from the deformation of the spring.

The dependency of swelling pressure on the swelling states of clays is investigated by a
series of simulations combining different spring constants and initial d-spacings. The
magnitude of swelling is limited to d-spacings that depend on the value of the spring
constant: the larger the spring constant, the less swelling is allowed. On the other hand,
the initial d-spacing also varies from 1.4 to 3.0 nm. By adjusting the initial d-spacing
and spring constant, we are expecting to simulate a wide range of swelling pressures as
a function of d-spacing with high computational efficiency.
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Figure 9. An illustration of the spring model. The bottom layer was fixed while the
upper layer was allowed to move in a vertical direction. The spring force is
compensated by a swelling force.

4.2 System setup

The simulation setup includes two clay layers immersed in bulk solutions (Figure 10).
The clay structure is terminated in (010) surfaces, which serve as an interface for
exchange of cations and water molecules between the interlayer and the surrounding
bulk solution. The resulting broken bonds were saturated by OH and H,O groups. The
two layers were continuous through periodic boundary conditions along the terminated
edges. Water molecules were initially randomly distributed in the simulation cell
around the centered clay structure. The charge balancing Na* or Ca*"ions were divided
equally between each basal surface. Energy minimization was performed, followed by
an equilibration simulation of 1 ns with the fixed clay structure in the NPT ensemble at
1 bar and 300 K. Actual swelling pressure simulations were then performed as a
continuation in the NVT ensemble. The last 40 ns of the total simulation time of 50 ns
were used for analysis.

As an unsubstituted reference for the swelling smectites, the work described in section
4.3 investigates the simulated swelling pressure of pyrophyllite. In section 4.4, the
model is applied to a series of the montmorillonite-beidellite smectites that vary in
layer charge, and charge location (Table 2). The investigated smectite structures are
shown in Figure 11. In section 4.5, the simulation is also extended to the swelling
pressure in different salt solutions.



Figure 10. The simulation system contains two clay layers and a surrounding bulk
solution. (a) Shows the two clay layers, (b) and (c) provide two views of the simulation

(a)
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(c)

cell. The d-spacing of the clay shown in the figure is 1.5 nm.
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Table 2. Total layer charge and charge percentage in T sheets in the studied clay
structures.

Charge (e)
Structure perunit cell perlayer percentage in T sheets
Pyrophyllite 0 0 0
A(-0.5/0%) -0.5 -4 0
B(-0.5/50%) -0.5 —4 50
C(-0.5/100%) 0.5 -4 100
D(-0.75/0%) -0.75 -6 0
E(-0.75/33%) -0.75 -6 33
F(-0.75/66%) -0.75 -6 67
G(—0.75/100%) -0.75 -6 100
H(-1.0/0%) -1.0 -8 0
1(-1.0/50%) -1.0 -8 50
J(-1.0/100%) -1.0 -8 100

4.3 Model application for pyrophyllite

The swelling pressure modeling was first performed for pyrophyllite, which is known
for its non-swelling behaviour. For all simulation starting from structures of 1.0 and 1.2
nm d-spacings, a completely dry clay with no interlayer water was achieved in the
equilibration state (d-spacing at 0.96 nm). All interlayer water molecules were found to
move from the interlayer space to the bulk water in the clay surroundings. With further
investigations, we found that if two layers of pyrophyllite are separated by a d-spacing
that is less than 1.4 nm, the clays return to dry condition in the equilibration state.
However, if two pyrophyllite layers are separated by over 1.4 nm from each other, they
can no longer expel the interlayer water molecules and are able to swell.

It has been noted that the swelling or shrinking of clay depends on the balance of the
attraction and repulsion forces acting on two neighbouring smectite layers. For the
closely packed pyrophyllite layers, van der Waals attraction is the dominant force; the
force is strong enough to expel interlayer water and to bring the two layers of
pyrophyllite together. However, when the two layers are more distanced, the van der
Waals attraction between two layers is weaker and less capable of expelling the rather
large amount of interlayer water molecules. As the van der Waals attractive force
decreases, the Brownian motion becomes the dominant force. This is caused by water
molecules constantly colliding with the smectite surfaces. Each collision transfers
kinetic energy from the water molecule to the layers of smectites and vice versa. If the
collision on the two basal surfaces of an individual smectite layer is unbalanced
momentarily, the smectites will have net movement in one direction and cause swelling
or deswelling. Brownian motion is naturally random thermal motion, however, in the
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cases of our model setups, the flexible layer is also more likely to move away from its
neighbouring layer that is fixed. The observed swelling behaviour of pyrophyllite with
d-spacings over 1.4 nm is driven by Brownian motion. In nature, pyrophyllite does not
swell to such d-spacings; hence there is no chance that Brownian motion would cause
any swelling of natural pyrophyllite samples.

The Brownian swelling is depicted in Figure 12, with each point representing an
independent simulation using a combination of different initial d-spacing and spring
constant. The descending trend of the swelling pressure as a function of d-spacings is
observed. Such a descending trend is caused by the nature of the Brownian motion,
which drives the individual layers to diffuse away from a zone of relatively high
concentration and towards a zone of relatively low concentration of other layers. For
non-swelling clays, such as pyrophyllite, the Brownian driven swelling could already
be dominant at small d-spacings. For swelling clays, the Brownian swelling is
significant only for dilute clay suspensions (i.e. at larger d-spacings). The van der
Waals and ion hydration forces are expected to have more dominant roles at smaller d-
spacings. In our model setup where two clay layers are immersed in bulk water, the
clay layers seems more susceptible to the Brownian motions due to the high edge to
surface ratio in our model setups.
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Figure 12. Simulated swelling pressure as a function of average d-spacing for
pyrophyllite, low charge montmorillonite A(—0.5/0%) and high charge beidellite J(—
1.0/100%).
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4.4 Model application for montmorillonite-beidellite smectites with
various layer charges and charge locations

To account for the influence of layer charge and charge location on the swelling
pressure of Na-smectites, the swelling pressure for ten Na-smectite structures with a
layer charge ranging from —0.5 to —1.0e per unit cell and a charge location from 0 to
100% in the T sheets is simulated (Table 2).

The simulated swelling pressure for two Na-smectite structures having a contrasting
layer charge and charge location also demonstrates that swelling pressure declines
quickly with increasing d-spacings, but is significantly higher than in pyrophyllite
(Figure 12). Their higher swelling pressure is caused by the interlayer Na" ions, which
attract water molecules to move from the bulk solution to the interlayer region and
subsequently cause the swelling of clays. The initial driving force for swelling at the
investigated ranges of d-spacings is hence attributed to the forces caused by ion
hydration. With strong negative charges in T sheets, J(—1.0/100%) leads to much lower
swelling pressure than that of A(—0.5/0%). These results demonstrate that the layer
charge and the charge location jointly influence the swelling behaviour of smectite
clays. To visualize the swelling behavior of Na-smectites, the swelling pressure at
specific d-spacings, corresponding to 50%, 100% and 150% expansion states, are
plotted in three-dimensional swelling pressure maps in Figure 13.

In Na-smectites, the swelling pressure is found to be lower in structures with a higher
layer charge from —0.5 to —1.0e per unit cell, regardless of the charge locations. This
trend is enhanced by the increase in the charge percentage in T sheets. On the other
hand, the swelling pressure is also found to be lower in structures with a higher charge
percentage in T sheets, regardless of the layer charge, only that the descending trend is
more evident in the case of a high layer charge. Overall, it is evident that the swelling
pressure at 50% expansion shows inverse correlation on both the layer charge ranging
from —0.5 to —1.0e per unit cell and the charge percentage in T sheets. Such correlation
remains significant in the 100% expansion state, but less evident in the 150%
expansion states. Hence, these simulation results imply that the influence of layer
charge and charge location on the swelling pressure is significant when the smectite
structure is compact, while in the swollen structures the influence is less significant.
The results give an overall picture of the structural effects on the swelling pressure in
the montmorillonite-beidellite series.

The swelling pressure of Ca-smectites with the same layer charge and charge location
variables is also simulated. The simulated swelling pressure is found to decrease
rapidly as the d-spacing increases (Figure 14). There is practically no swelling
pressure at d-spacings over 2.0 nm, which is the upper limit of the 3W of smectites.
This is consistent with experimental findings that Ca-smectites do not swell beyond the
3P 305480
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Figure 13. Swelling pressure as a function of layer charge and charge percentage in
T sheets. Labels A-J represent the modeled smectites as given in Table 2. The labels
also apply to the data for the 100% and 150% expansions.
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Figure 14. Swelling pressure of Ca-smectites as a function of average d-spacing. The
green line shows the general trend of the swelling pressures for ten different Ca-
smectites.
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4.5 Model application for montmorillonites in salt solutions

Montmorillonite A(—0.5/0%) with a layer charge of —0.5e per unit cell is chosen as a
representative structure to simulate the influence of saline solutions on the swelling
pressure of montmorillonite-beidellite smectite series. The simulated swelling pressure
0.25M sodium chloride (NaCl) and 0.25M calcium chloride (CaCl,) solutions are
found to decay exponentially with increasing d-spacings (Figure 15). Compared to
pure water, the clay immersed in salt solutions achieves lower swelling pressure. This
could be explained by the differences of water potential in the different environments.
Water moves from high to low water potential; and the greater the water potential
gradient is, the stronger the swelling is. In the investigated salt solutions, the water
potential gradient between the bulk solution and the interlayer was smaller than that in
pure water. The larger the gradient between the interlayer and the surrounding
solutions, the stronger was the tendency for water to move to dilute the high salt
concentrations.
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Figure 15. Swelling pressure of Na-montmorillonite in salt solution.

Compared to the swelling pressure in the NaCl solution, the swelling pressure in the
CaCl; solution is significantly lower. By inspecting the dynamic process of simulations,
we found that the interlayer Na" are gradually exchanged for the Ca** from the bulk
solution. At the equilibrium state, the dominant cations in the interlayer region are thus
Ca*" ions. Such an ion exchange process is also supported by experimental
observations.?*? By transforming from Na-montmorillonite to Ca-montmorillonite, the
potential to swell is largely reduced, as reflected in the lower swelling pressures. This
also agrees well with the simulation results of Ca-smectites (Figure 14).
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5 Conclusions

The swelling characteristics and the swelling pressure as influenced by structural and
environmental variables are the main focus of this study. The swelling curve of a
montmorillonite clay structure and its interlayer structure were investigated with the
emphasis being on the water content and interlayer cation compositions. Regardless of
the interlayer cation composition, non-linear increase in d-spacing was observed with
increasing water content. However, the larger hydration energy of Ca®* ions relative to
Na' ions causes higher water coordination numbers and more pronounced association
of water molecules with Ca** ions. Since Ca*" prefers to be fully coordinated to water
molecules, the 2-layer hydrate readily forms at rather lower water contents. The layer
hydrates are stable in relation to changes in temperature and pressure compared to
other mixed layer hydrates.

An approach to predict swelling pressure of swelling clays was proposed and justified,
using a clay-water system. The molecular dynamics simulations demonstrate that
experimentally determined general swelling trends of Na-montmorillonite in pure
water can be reproduced with good accuracy. The approach was further applied to a
study of the influence of smectite structural factors. A systematic analysis of swelling
pressures of Na- and Ca-smectites with varying layer charge and charge location was
performed. The simulation suggested that the swelling pressure is inversely correlated
to both layer charge ranging from —0.5 to —1.0e per unit cell and the charge percentage
in T sheets. Such influences are evident in compacted clays, but become less
significant in delaminated smectites. Ca-smectites were found to be non-swelling
beyond 3-layer hydrate. The results are in a good agreement with the experimental
findings. Furthermore, the approach was utilized to examine the effect of saline
solutions. Swelling pressures showed a marked decrease as the bulk solution changes
from water to saline solutions including NaCl and CacCl, solutions.

The study reported herein introduced and justified a new concept for simulating the
swelling clay-water systems with particular emphasis on the swelling behavior and
swelling pressure. Structural factors in the montmorillonite-beidellite series may be
now systematically taken into account when studying the influence of layer charge and
charge location on the swelling pressure of dioctahedral smectites. Overall, the new
approach can be extended to other clay systems and is expected to be useful in the
prediction and comparison of the swelling behavior and swelling pressure of swelling
clays in the context of HLRW geological disposal and other industrial applications.
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